Introduction
[2] It has been well established that large, nitric acid (HNO 3 )-containing polar stratospheric cloud (PSC) particles (>5 mm in size), which are shown to cause denitrification in the Arctic, are most likely composed of nitric acid trihydrate (NAT) [Fahey et al., 2001] , although nitric acid dihydrate (NAD) cannot be ruled out as a possible composition [e.g., Tabazadeh et al., 2001; Carslaw et al., 2002] . In order for solid HNO 3 PSCs to grow to such large sizes, a selective nucleation process must be involved. Previously, Irie and Kondo [2003] used nucleation rates reported by Salcedo et al. [2001] in a microphysical model to show that homogeneous nucleation of NAD and NAT in liquid ternary (H 2 SO 4 /HNO 3 /H 2 O) aerosols (LTAs) can explain the observed Arctic denitrification in February 1997. However, Knopf et al. [2002] have recently argued that the reported homogeneous freezing rates of Salcedo et al. [2001] for concentrated solutions of aqueous HNO 3 cannot be linearly extrapolated to more dilute systems, which are representative of the lower stratosphere. Although the arguments put forward by Knopf et al. [2002] are valid for homogeneous freezing, stratospheric droplets may still freeze pseudoheterogeneously at the vapor-liquid interface [Tabazadeh et al., 2002] .
[3] In this paper, we use measurement/model comparisons to investigate two possible nucleation processes, namely nucleation of NAT on preexisting ice particle surfaces [Wofsy et al., 1990; Carslaw et al., 2002] and pseudo-heterogeneous surface freezing of NAD particles from LTA solutions [Tabazadeh et al., 2002] . For the set of measurements discussed in this work, we show that ice particle surfaces could not have caused the nucleation of nitric acid hydrate particles that cause denitrification. We also investigate under what set of assumptions a surface nucleation mechanism can explain the Arctic denitrification observed.
ILAS and AVHRR Observations
[4] The Improved Limb Atmospheric Spectrometer (ILAS) onboard the Advanced Earth Observing Satellite (ADEOS) uses a solar occultation technique to measure vertical profiles of HNO 3 and nitrous oxide (N 2 O) concentrations and aerosol extinction coefficient (AEC) at 780 nm with a vertical resolution of $2 km in the Arctic vortex. The present study uses version 5.2 ILAS data. Using HNO 3 -N 2 O correlations obtained under PSC-free conditions (based on AEC data), the permanent loss of HNO 3 by denitrification was quantified as the difference between the measured HNO 3 values and those given from the tight HNO 3 -N 2 O correlation obtained in early February just prior to denitrification (see Kondo et al. [2000] , Irie et al. [2001] , and Irie and Kondo [2003] for more details). We focus on air masses observed under PSC-free conditions at 19-20 km inside the Arctic vortex in January -February 1997. At these altitudes, the uncertainties in estimating HNO 3 losses, defined as 3-s standard deviations, are as small as 2 ppbv, almost independent of the error in the N 2 O data.
[5] In the 1996/1997 winter, the Advanced Very High Resolution Radiometer (AVHRR) onboard the National Oceanic and Atmospheric Administration (NOAA) 12 and 14 satellites measured thermal infrared emissions at 10.9 and 11.9 mm (channels 4 and 5, respectively). We derived ice PSC regions from the AVHRR channel 5 brightness temperature (T 5 ) and the channel 4 -5 brightness temperature difference (BTD) using an ice PSC detection algorithm [Hervig et al., 2001; Pagan et al., 2004] . Although ice PSCs and cirrus clouds are both high, cold ice clouds, ice PSCs are generally colder and have lower optical depths and smaller particle sizes than cirrus clouds, resulting in a colder T 5 and a larger BTD for ice PSCs. These differences allow us to identify ice PSCs by comparing measured T 5 and BTD values from thermal infrared imagery on a pixel-by-pixel basis with those for a modeled cirrus layer located at the tropopause. The ice PSC detection algorithm is a 2-step process. The first step maps optically thick PSCs by identifying pixels with AVHRR T 5 colder than the tropopause temperature and AVHRR BTD larger than 2.0. The second step maps optically thin ice PSCs by identifying pixels where the AVHRR BTD exceeds the maximum BTD for the modeled cirrus layer. Since BTDs for ice PSCs and cirrus can overlap, we also use the regions where the ''mean modeled cirrus BTD'' < AVHRR BTD < ''maximum modeled cirrus BTD,'' which are referred to as ''probable ice PSCs.'' The regions with AVHRR BTDs below the mean modeled cirrus BTD are excluded, because they are most likely cirrus, other tropospheric clouds, or land features. Using this algorithm, we produced daily ice PSC maps with a spatial resolution of 4 km Â 4 km for the Arctic region in February 1997.
Lagrangian Microphysical Box Model
[6] We used a Lagrangian microphysical box model (including nucleation, growth, and sedimentation) [Larsen, 2000; Irie and Kondo, 2003 ] to calculate the temporal changes in HNO 3 along twenty-day isentropic back trajectories for the air masses observed by ILAS under PSC-free conditions inside the Arctic vortex in January -February 1997. Trajectories were calculated using European Centre for Medium-Range Weather Forecasts (ECMWF) data and codes of Matsuzono et al. [1998] . The temperatures along the trajectories were adjusted downward assuming a 1-K bias in ECMWF temperatures [Knudsen, 1996] . Vortex air masses at 19-20 km experienced diabatic descent of $15 K ($1 km) over 20 days [Knudsen et al., 1998 ]. We did not consider this effect in trajectory calculations because the mean vertical gradients of temperature and HNO 3 at 19-20 km inside the vortex were as small as À0.2 K/km and À0.2 ppbv/km, respectively. The microphysical model uses a scheme for the nucleation of NAD on the surfaces of LTA droplets [Tabazadeh et al., 2002] . HNO 3 and H 2 O mixing ratios were initialized using ILAS data obtained inside the Arctic vortex in early February 1997 before the onset of denitrification [Irie et al., 2001] . A non-volcanic value of 0.3 ppbv was used for H 2 SO 4 mixing ratio [Irie and Kondo, 2003] . In February 1997, significant denitrification occurred at altitudes up to 21 km in the Arctic [Irie et al., 2001] . Considering that denitrification occurs in all of the layers where particles fall taking up gas-phase HNO 3 , denitrification observed by ILAS at 19-20 km could be caused by the particles nucleated at altitudes up to 21 km. To take this possible sedimentation into account, additional model calculations were performed at 21 km. Temperatures at 21 km were derived from trajectory temperatures using the mean vertical temperature gradient given by ECMWF data in February 1997. Since the twenty-day trajectory calculations may introduce uncertainties into the microphysical modeling, sensitivity tests were performed with the trajectory temperatures varied over ±1 K and with initial HNO 3 values varied over ±2 ppbv. For these ranges, the model is more sensitive to HNO 3 than temperature, so that calculations performed only for the HNO 3 uncertainty are discussed below. In the present study, two sets of model calculations were performed assuming that (1) denitrification was caused by sedimentation of NAD particles and (2) denitrification was caused by sedimentation of NAT particles, which were produced via an instantaneous conversion from NAD nuclei [e.g., Worsnop et al., 1993] .
Nucleation on Ice Particle Surfaces
[7] At 19 -20 km in February 1997, ILAS observed 21 air masses with significant denitrification (more than 2 ppbv loss in HNO 3 ) over the Arctic. Daily locations of back trajectories for these air masses were compared with corresponding daily ice PSC maps produced from AVHRR data to identify the air masses that had traversed the ice PSC regions. The method of analysis described here for the ILAS data is similar to that described by Pagan et al. [2004] . The results from the Pagan et al. [2004] study revealed that lidar observations of solid HNO 3 particles in early December 1999 were not correlated in time and space with locations of ice cloudiness in the Arctic stratosphere. Similarly, below we show a lack of correlation between areas where denitrification was seen by ILAS and the areas of ice cloudiness in the Arctic.
[8] Here, we identified ice PSC-influenced air masses when the distance between the trajectory and the ice PSCs was less than 100 km on the same day. To consider the errors in the trajectory calculations, a 300-km distance threshold was also used as the influence criterion, although further errors may affect the results. Since AVHRR is a nadir-viewing instrument, it is very difficult to determine the exact altitudes at which the ice PSCs observed were generated. Because of this limitation, we assumed that all the ice PSCs observed by AVHRR were at the same altitude or within a few kilometers above the trajectories. In addition, the regions identified as ''probable ice PSCs'' and ice PSC patches as small as 4 km Â 4 km were also included in the ice PSC regions. These procedures likely yield an upper limit for the number of air masses traversing the ice PSC regions.
[9] Using the 100-km threshold and considering all 21 denitrified air masses, only 5 air masses were judged to have traversed the ice PSC regions in February. Using the 300-km threshold yielded only 12 of the 21 air masses as having traversed the ice PSC regions. An example of our analyses, the ice PSC map and back trajectories for one day, February 10, 1997, is shown in Figure 1 . A region of ice PSCs and probable ice PSCs is shown over the northern coast of Greenland. The three back trajectories (solid, dashed, and dotted lines) show the location of the denitrified air masses on February 10. These trajectories were not within 100 km of the ice PSCs; rather, they were within 300 km. Of the 21 ILAS air masses that showed significant denitrification, 9 (or about 43%) air mass trajectories showed no correlation with the ice PSC regions observed by AVHRR. This lack of correlation is further supported by the fact that the mean magnitude (±standard deviation) of denitrification for the 12 air masses that had traversed the ice PSC regions (4.2 ± 1.6 ppbv) was almost equal to that for other air masses (4.7 ± 1.0 ppbv). Overall, the analyses presented above combined with the study of Pagan et al. [2004] suggest that ice particle surfaces are not always a prerequisite for the formation of nitric acid hydrate PSCs that lead to denitrification.
Nucleation on LTA Droplet Surfaces
[10] We next compare losses of HNO 3 by denitrification observed by ILAS with those calculated by the microphysical box model to investigate a possible role of nucleation of NAD on LTA droplet surfaces in denitrification. In this model, the production rate (P) of NAD nuclei (cm À3 s À1 ) is given by:
) is the number of NAD nuclei formed per second on a unit surface area of the liquid, S (cm 2 cm À3 ) is the total surface area of all droplets per unit volume of air, N (cm À2 ) is the total number of molecules per unit surface area of the liquid (N is calculated by multiplying the HNO 3 mole fraction (X HNO 3 ) in the solution by the approximate molecular site density of 10 15 cm
) is the Boltzmann constant, h (J s) is the Planck constant, T (K) is temperature, and R (kcal mol À1 K À1 ) is the ideal gas constant. According to Tabazadeh et al. [2002] , the free energy of NAD nucleus formation on the LTA surfaces (DG) in kcal mol À1 is given by:
[11] Because of limited laboratory data, the above expression is valid for 0.246 < X HNO 3 < 0.333 [Salcedo et al., 2001; Tabazadeh et al., 2002] . Extrapolation of the above relation to stratospheric conditions may introduce additional uncertainty in DG since X HNO 3 in stratospheric LTAs is typically smaller than 0.18. For example, DG changes of ±10% (corresponding to $2.3 kcal mol À1 at X HNO 3 = 0.18 and T = 190 K) alter P values by over three orders of magnitude. Thus, the estimate of DG for the stratosphere is critical to simulate denitrification. Below, we performed model calculations to constrain DG values in the model in order to maximize the agreement between the modeled and observed levels of denitrification.
[12] Figure 2a shows comparisons of losses in HNO 3 by denitrification observed by ILAS with those calculated by the model, using DG of the above expressions. This model assumes that denitrification was caused by growth and sedimentation of NAD. As seen in the figure, the magnitudes of denitrification from the model did not tightly correlate with the ILAS observations (R 2 = 0.24). We then performed sensitivity studies to match the observations by changing DG in the model. We found the best agreement (R 2 = 0.60) when the DG values were increased by only 9.5% compared to values from the above reported expressions (Figure 2b) . The model calculations with initial HNO 3 values varying over ±2 ppbv are shown with error bars only for observed denitrification of 2 -7 ppbv. We note here that significant differences exist between the model calculations and ILAS observations for air masses where the observed levels of denitrification were in the range of 2 to 4 ppbv ( Figure 2b ). To search for the cause of this discrepancy, we performed additional model calculations, allowing instantaneous conversion of NAD nuclei into NAT (i.e., sedimentation of NAT) (Figures 3a and 3b) . As seen in , where DG values were increased by only 10.2%, the agreement for the observed denitrification in the range of 2 to 4 ppbv was improved when NAD was instantaneously converted to NAT in the model.
[13] In general, we could account for the observed denitrification in most air masses when DG values used in the model were raised by only 9 to 12% (Figure 3b ) as compared to the original reported values [Tabazadeh et al., 2002] . Since the original DG values were based on laboratory data obtained for concentrated solutions of HNO 3 [Salcedo et al., 2001] , we find a change of $10% for more dilute stratospheric solutions to be a reasonable adjustment. However, since this adjustment may be somewhat uncertain, laboratory data under relevant stratospheric conditions are highly desirable to obtain quantitative rate expressions for this possible nucleation freezing process.
Conclusions
[14] We used ILAS HNO 3 , N 2 O, H 2 O, and AEC measurements, AVHRR stratospheric ice cloud measurements, and a microphysical box model to investigate processes leading to denitrification in the Arctic vortex in February 1997. Back trajectory analyses showed that about 40% of the denitrified air masses observed by ILAS did not pass through ice cloud regions, ruling out the possible role of ice clouds in causing the observed denitrification. Microphysical box model calculations, including a pseudo-heterogeneous freezing mechanism, could explain the observed levels of denitrification when NAD freezing energy was increased by $10% as compared to current values reported in the literature. The agreement in the magnitudes of denitrification between ILAS and the model was improved when NAD was allowed to instantaneously convert to NAT. Finally, our results suggest that sedimentation of NAD or NAT particles formed through NAD freezing on LTA surfaces can cause significant denitrification in the Arctic vortex. 
